Background/Aims: Osteosarcoma is the second highest cause of cancer-related death in children and adolescents. Majority of osteosarcoma patients (90%) show metastasis. Previous reports revealed that osthole showed antitumor activities via induction of apoptosis and inhibition of proliferation. However, the potential effects and detailed molecular mechanisms involved remained unclear. Methods: Cell viability was analyzed by MTT assay in osteosarcoma cell lines MG-63 and SAOS-2. Cell cycle was detected by flow cytometry. The effects of migration and invasion were evaluated by wound healing assay and transwell assays. Moreover, the level of proteins expression was determined by Western blot. Results: The cell viability of MG63 and SAOS-2 were markedly inhibited by osthole in a dose-and time-dependent manner. Cell cycle was arrested and the ability of migration and invasion was obviously reduced when cells were exposed to osthole. Moreover, enzymes involved in PTEN/ Akt pathway were regulated such as PTEN and p-Akt proteins. Furthermore, osthole inhibited the tumor growth in vivo. Conclusion: Our study unraveled, for the first time, the ability of osthole to suppress osteosarcoma and elucidated the regulation of PTEN/Akt pathway as a signaling mechanism for the anti-tumor action of osthole. These findings indicate that osthole may represent a novel therapeutic strategy in the treatment of osteosarcoma.
Osthole Induces Cell Cycle Arrest and Inhibits Migration and Invasion via PTEN/ Akt Pathways in Osteosarcoma

Introduction
Osteosarcoma is the most common form of primary malignant bone cancer which is most prevalent in children and adolescents. Systematic chemotherapy is the first choice of treatment. However, the survival rate for osteosarcomas is only 50% to 80% despite with an intensive chemotherapy. Numerous efforts have been made to elucidate the mechanisms of osteosarcoma and to develop novel therapeutic strategies [1, 2] . Cell growth and division cycle were carefully controlled in normal tissues, thereby ensuring a homeostasis of cell number and thus maintenance of normal tissue architecture and function. Loss of normal cell cycle control is a hallmark of human cancers [3] . Many researches had focused on the fundamentally distinct anti-tumor strategies targeting the cell cycle, mainly blocking cell cycle progression. As approximately 90% of patients who suffered from osteosarcoma show metastasis at the time of initial diagnosis, many studies have focused on the molecular and/ or cellular mechanisms underlying tumor formation and progression [4, 5] . It was obvious that local invasion and distant migration are considered to be higher degree of malignancy in osteosarcoma. Altough long-term survival probabilities for osteosarcoma have improved dramatically during the late 20th century; systemic chemotherapy has been shown to be ineffective and nearly 20% if death resulted from lung metastasis. Therefore, there is a marked requirement to develop effective therapeutic strategies that suppress metastasis, the major cause of death in osteosarcoma.
Accumulating evidence suggests that natural agents could open new avenues for the successful treatment of cancers, especially by combining with conventional therapeutics [6] . Natural agents have been and continued to be important sources of anticancer agents. Such as, allicin suppresses pancreatic cancer cell via apoptotic pathway, and curcumin plays a crucial role in anti-lung cancer activity. Moreover, it is reported that formononetin plays an important function on anti-cancer activity against osteosarcoma [7] [8] [9] . Osthole is one of effective monomers found in Cnidium monnieri. Its chemical formula is C 15 H 16 O 3 . Osthole has been shown to exert a wide variety of biological effects, such as anti-seizure, anti-osteoporosis and anti-inflammation [10] [11] [12] [13] . It has been well documented that osthole inhibits the growth and proliferation of various cancer cells through inducing apoptosis or cell cycle arrest [14, 15] . Moreover, osthole derivative NBM-T-BMX-OS01 sensitizes A549 cells to cisplatin [16] . However, little is known regarding to the underlying mechanisms of therapeutic effects of osthole and there were no reports that osthole regulates cell cycle, migration, and invasion in osteosarcoma treatment.
PTEN (phosphatase and tensin homolog, deleted on chromosome ten) is a dual lipid and protein phosphatase that can dephosphorylate its downstream targets. Inactivation of PTEN leads to loss of its lipid phosphatase activity and accumulation of phosphatidylinositol 3, 4, 5-trisphosphate (PIP3), resulting in phosphorylation of Akt. PI3k/Akt and PTEN are major positive and negative regulators respectively in tumorigenesis. The regulation of PI3k/Akt pathway in proliferation, growth, and survival provides irrefragable evidence of the central role of this pathway in tumorigenesis [17] . Similarly, a plethora of cellular processes such as proliferation, survival, and energy metabolism are governed by the tumor-suppressor genes PTEN [18] . As a result, inactivation of PTEN stimulates cell cycle progression and proliferation by down-regulating p21
Wound healing assay Cells were seeded in six-well plates in culture medium. Cells were grown to 70% confluence, rinsed with phosphate-buffered saline (PBS), and then starved for 12 hours in serum-free medium. A sterile 200 μL pipette tip was used to create wounds. Furthermore, 0, 50, 100, and 150 μM osthole was added respectively. The migration of the cells across the wound line was assessed after 24 hours.
In Vitro Cell Invasion Assay
Cellular invasiveness was quantified using a modified Matrigel Boyden chamber assay, as previous described [22] .
Western blot
The Western blot analysis was conducted as described elsewhere [23] . The total protein was extracted from the cells samples using lysis buffer (Beyotime, China) and protease inhibitor (Biocolors, China). Lysis buffer and protease inhibitor were used after mixed in proportion of 1:100. Equal amounts of protein were loaded on a 10% SDS-PAGE gel. The lysates were resolved by electrophoresis (70V for 30 min and 100V for 1.5 h) and transferred onto NC membranes (nitrocellulose membrane, Bio-Rad, USA). After blocking in 5% nonfat milk for 2 h at room temperature, the membranes were incubated with anti-p-Akt (1:1000, Cell Signaling Technology, USA), anti-MMP9 (1:200, Santa, USA), anti-MMP2 (1:200, Santa, USA), anti-p21 (1:200, Santa, USA), anti-PTEN(1:1000, Cell Signaling Technology, USA). GAPDH (glyceraldehyde-3-phosphate) was used as an internal control to ensure equal protein loading. The Western blot bands were quantified using the Odyssey v1.2 software (Infrared Imaging System LI-COR Biosciences) by measuring the band intensity (Area × OD, Optical Density) for each group and normalizing this intensity by that of GAPDH. The final results are expressed as fold changes by normalizing the data to the control values. 5 × 10 6 MG-63 cell suspension was subcutaneously injected into the flank of 5-week-old female athymic BALB/c nude mice (Shanghai SLAC Laboratory Animal Company). At 10 days after the implantation, they were treated with 122 mg/kg (0.5 mmol/kg) osthole intraperitoneally (i.p.) in 0.2 ml corn oil, with corn oil alone as the control group and cisplatin as the positive control once every other day for 2 weeks. The tumor volume was measured with a caliper once every 3 days using the following formula: volume = length× width
Tumorigenicity assays in nude mice
Results
Osthole inhibits the growth of osteosarcoma cells
The growth of osteosarcoma cell line MG-63 and SAOS-2 were inhibited, as determined by MTT assay, after cells were treated with osthole at 0, 25, 50, 100, 150 and 200 μM for 12 h, 24 h, and 48 h, respectively. It was found that osthole inhibited the growth of MG-63 and SAOS-2 cells in a concentration-and time-dependent manner. Osthole inhibited the growth of MG-63 with an IC 50 of 113 μM (24 h) and 109 μM (48 h), and SAOS-2 with an IC 50 of 95 μM (24h) and 90 μM (48 h). Because the dosages of IC50 (48 h) is not much lower than IC 50 (24 h), so we only choose 24 h for latter tests (Fig. 1) .
Osthole induces cell cycle arrest at G 1 /S phase in osteosarcoma cells
Effects of osthole on cell cycle distribution were analyzed by flow cytometry in MG-63 and SAOS-2 cells. The MG-63 cells were found 54.29 ± 3.94% in G 1 phase, 39.75 ± 2.50% in S phase and 6.81 ± 2.85% in G 2 phase under control conditions. After being treated with osthole at 50, 100, or 150 μM for 24 h, the number of cells in G 1 phase was increased from 59.44 ± 3.64% to 73.42 ± 1.38% (P < 0.05), whereas that in S phase was decreased from39.75 ± 2.50% to 22.99 ± 1.29% (P < 0.001). Moreover, The SAOS-2 cells were found 51.07 ± 1.61% in G 1 phase and 40.32 ± 3.43 % in S phase under control conditions. After being treated with osthole at 50, 100 or 150 μM for 24 h, the number of cells in G 1 phase was increased from 56.45 ± 1.32 % to 75.77 ± 2.27% (P < 0.001), whereas that in S phase was decreased from 33.56 ± 2.38% to 18.66 ± 1.27 % (P < 0.05) (Fig. 2A) .
Present results showed that osthole arrested osteosarcoma cell cycle. To determine whether the key inhibitor of cell cycle p21 was regulated by osthole, western blots assays were performed in MG-63 and SAOS-2 cells treated with or without osthole. Our results showed that the level of p21 was up-regulated in osteosarcoma cells after incubating with 50, 100 and 150 μM osthole for 24 h (Fig. 2B) .
Osthole inhibits osteosarcoma migration and invasion
We sought to validate the role of osthole in the migration and invasion of MG-63 and SAOS-2 cells. Wound healing assay was performed firstly. In vitro wound healing assays showed that osthole is an inhibitor of migration of MG-63 and SAOS-2 cells into the wounded area (Fig. 3A) . Furthermore, using in vitro transwell migration assays, we found that osthole inhibits the migration of MG-63 and SAOS-2 cells (Fig. 3B) . Moreover, we have also examined the invasive ability, after MG-63 and SAOS-2 cells were treated with osthole, through a threedimensional matrigel-coated filter. The result revealed that ability to traverse matrigelcoated of osthole-treated MG-63 and SAOS-2 cell was decreased compared with untreated control cells (Fig. 3C) . These results confirmed that osthole inhibited the migration and invasion of MG-63 and SAOS-2 cells.
In previous study, induction of MMPs had been verified to correlate with increased metastatic potential of tumors [24, 25] .Therefore the expression of MMP2 and MMP9 was detected after MG-63 and SAOS-2 cells were treated with osthole. These data indicated that the expression of MMP2 and MMP9 was decreased in osteosarcoma cells after incubating with osthole for 24h ( Fig. 3D and E) .
Osthole regulates the PTEN/Akt pathway to induce cell cycle arrest and reduce migration
and invasion p21, MMP2 and MMP9 have been shown to correlate with PTEN/Akt pathway. Moreover, activation of Akt is generally believed to protect cancer cells from injury and its inhibitor, PTEN, is a tumor-suppressor gene [26, 27] . To further explore the mechanism by which osthole induces the arrest of cell cycle and inhibition of migration and invasion, we examined the expression of proteins in PTEN/Akt pathway, such as PTEN and pAkt. Similar to our hypothesis, osthole up-regulated the level of PTEN (Fig. 4A ) and down-regulated the expression of pAkt (Fig. 4B) . These data demonstrated that osthole induces cell cycle arrest and inhibits migration and invasion of osteosarcoma mediated by PTEN/Akt pathway.
Osthole suppresses tumorigenesis of osteosarcoma cells in vivo
To explore whether osthole affects osteosarcoma in vivo, MG-63 cells were implanted subcutaneously in the flank of nude mice. At 10 days after the implantation, they were treated 
Discussion
With severe side effects and multidrug resistance, radiotherapy and chemotherapy have been used to resist cancers but are ineffective [28, 29] . Accumulating evidence suggests that natural agents open up a new avenue for successful treatment of cancers. In previous study, the anti-cancer effect of allicin was proved. Allicin exposure induces cell apoptosis in pancreatic cancer and creates a novel approach to treatment [7] . Furthermore, the effective methods are researching and developing to improve the anti-cancer activity of natural agents, such as curcumin. Researchers try to enhance anti-lung cancer activity of curcumin via catanionic lipid nanosystems [8] . Several reports have demonstrated that osthole inhibited cell growth and proliferation by inducing apoptosis, cell cycle arrest, and inhibition of migration and invasion in various types of tumors, such as glioma, colorectal cancer, and lung cancer [14, [30] [31] [32] . Our experiment demonstrated that osthole inhibits MG-63 and SAOS-2 cells growth by at least partially inducing cell cycle arrest and inhibition of migration and invasion, suggesting that osthole could be used for the treatment of osteosarcoma. We firstly found that the treatment of osthole induced cell cycle arrest. To illustrate the mechanism, critical regulator of cell cycle p21 was detected. It is well known that p21 /WAF1/CIP1 is one of universal cyclin-CDK inhibitors that inhibit all cyclin-CDK complexes by its N-terminal homologous sequences to induce cell cycle arrest at G 1 , S, or G 2 phase [33] . As our prediction, the expression of p21 was increased obviously. Furthermore, the inhibition of migration and invasion of osteosarcoma induced by treatment with osthole was observed in our study. However, the results indicated that the inhibition of migration and invasion induced by osthole in MG-63 is stronger than that in SAOS-2 cells. The difference of sensibility to osthole may be determined by the innate characteristic of cells. MG-63 is fibroblast and SAOS-2 is epithelial cell. Though these two cell lines are originated from osteosarcoma, the innate morphology is different. Since metastatic cancer cells are always compared with the breakdown of extracellular matrix, we detected the matrix metalloproteinase MMP2 and MMP9.
PI3k/Akt pathway mediates protective effect in tumor cells. Several studies have shown that the PI3K/Akt pathway protected tissues against injury. Moreover, PTEN is generally believed to be an inhibitor of PI3k/Akt pathway and ectopic expression of PTEN suppresses tumorigenicity and cell growth [20, [34] [35] [36] . In this study, we had focused on the possible mechanisms by which osthole produces anti-tumor effects in osteosarcoma. We demonstrated the important role of PTEN/Akt in mediating osthole-induced anti-tumor action. We found that osthole induced overexpression of PTEN and subsequently inactivate Akt, which likely activated p21 but inhibited MMP2/9 to trigger cell cycle arrest and regulation of migration and invasion.
In conclusion, we demonstrated that osthole induced cell cycle arrest and inhibited migration and invasion likely via regulating PTEN/Akt pathway to alter its downstream molecules expression and activities in osteosarcoma cells. Our findings uncovered the PTEN/Akt signaling pathway as a novel mechanism by which osthole produce anti-cancer effects. Thus, osthole could be potentially used in the treatment of individual patients with osteosarcoma
